Abstract This paper reports an experimental investigation of the flow field inside a low aspect ratio dump combustor. The length of the combustor studied was less than the reattachment length for the separated flow. The exit of the combustor is tapered which supports the flow reversal from the exit section. The flow field behaviour in the combustor is evaluated from pressure and velocity measurement studies. The velocity, stream function and pressure distribution inside the combustor are used to elucidate the presence of recirculation and flow reversal from the exit section of the combustor for different Reynolds numbers. A small variation in U rms velocity was observed in axial direction while in the radial direction it was quite high. Two recirculation zones are recognized and the strength of the recirculation was seen to increase with flow Reynolds number. The turbulence intensity in the recirculation and shear layer zone was seen to be higher than the potential core.
Introduction
The flow field in a dump combustor is very complex, relating the turbulence mixing of fuel and air, reattachment, flow separation, recirculation and the chemical reactions, etc. A significant amount of research have been performed on re-circulating flow field in a dump combustor and the role of shear layer's large scale structures in mixing processes and noise generation. The large scale coherent turbulent structures and acoustic waves are excited in the combustor cavity that represent large, rather well-organized lumps of fluid motion and display their own dynamic behavior in turbulent flows [1] . Drewry [2] has discussed the flow in a dump combustor and suggested four distinct regions in the flow field, namely, imbedded vortices, flow reattachment, recirculation region, and a fully developed flow inside the combustor. Schadow et al. [3] have showed that the recirculating eddies provide low velocity regions inside the combustor, thus, improving the stability of the flame. Usui and Sano [4] have used the space time correlation to determine the recirculation velocity of the large eddy. In their experimental studies they observed the large recirculation eddies near the wall of the combustor due to flow reversal from the combustor exit. Forrester and Evans [5] have studied the effect of expansion ratio, Reynolds number, chamber length-to-diameter ratio and chamber exit geometry on the length, strength and wall pressure profile for the re-circulating zone formed downstream of an expansion and also compared the confined jet expansion with that of a free jet. Teyssandier and Wilson [6] have studied the effect of sudden enlargement in pipe flows and have concluded that the full pressure recovery occurs if the length of the chamber is larger than the reattachment length. Ahmed [7] has discussed the reattachment length and the recirculation region behaviour for swirl and non-swirl combustors through stream function distribution. The length of the reattachment and the corner recirculation region decreased with the swirl. Therefore, the flow recovered shortly after the reattachment. The turbulence energy production, convection, diffusion, and dissipations are reported higher in the swirling flow. Hammad et al. [8] have discussed the effect of flow Reynolds number on the reattachment length, development length, and recirculating flow strength in the laminar axisymmetric sudden expansion flow. The reattachment and development length downstream of reattachment are reported to be linear function of the Reynolds number. The recirculating flow strength, defined as the ratio of the minimum stream function value in the recirculation zone to the maximum stream function [8] , was reported to be a non-linear function of the flow Reynolds number. The strength of the recirculation becomes weaker as the Reynolds number is increased. Chen and Driscoll [9] have reported that the internal recirculation helps in enhancing the mixing by an increase in the fuel-air contact area because the recirculation zone acts like a large vortex. Joos and Vortmeyer [10] have studied self-excited oscillations of premixed flames behind a step. They have shown that when more than one frequency was excited; an unsteady sound field forms. As a result, the phase position of the sound pressure and the sound particle velocity at the flame continually changes. Schadow and his group in their several studies ( [3, [11] [12] [13] ) have characterized the large scale structures in acoustically forced ducted flows in dump combustors and have shown control over the combustion instabilities in gaseous combustion using acoustic drivers. They have also extended this study to liquid fuel systems by using pulsating fuel injection. In all their studies, they have shown a strong influence of acoustics on the flow dynamics inside a combustor.
Pressure fluctuations in a turbulent boundary layer are a source of excitation. They may generate acoustic noise and also excite the wall vibration, which can affect the performance of the device concerned. Flow situations involving flow separation through flow restrictions and adverse pressure gradients are more prone to induce noise and vibration problems. Viets and Drewry [14] have observed the strong influence of the inlet velocity profile on the pressure distribution in a dump combustor flow field. Yang and Yu [15] have reported that maximum velocity fluctuation along the centerline occurred immedietly after the racctachment. The shear layer, where the high gradient of mean velocity occurs, is assocoated with high energy level. This high turbulence kinetic energy is transported by both diffusion and convection in and out of the recirculation reagion. Usui et al. [16] have reported high turbulence level in the sudden expansion spray chamber than the free jet or tube flow. The large fluctuation in the chamber was attributed to the unsteady or intermittent nature of the downward jet.
Menon and Jou [17] have studied the interaction between the vorticity and the acoustic component of the flow field in a combustor. The low frequency pressure fluctuation at the base of the step perturbed the separated shear layer at the step. The shear layer instability and large scale vortical structure amplified downstream perturbation and finally generated the secondary vortices and large fluctuation at the throat of the nozzle exit. Mcmanus et al. [18] have reported that the vortex passage frequencies of the large scale structures in the unforced shear layer were different from those in the separated boundary layer. Coghe et al. [19] have correlated the recirculaion regions to the swirl strength for a gas turbine combustor. They have concluded that the toroidal recirculation region is impotant for reactant mixing and flame stablization and the corner recirculating zone induces entrainment of a large amount of hot burned gases into outflowing reactant mixture. Nejad and Ahmed [20, 21] have observed that the swirling flow substantially change the flow field of the combustor and in the simple dump case, the swirler reduces the length of the corner recirculation zone, increases the turbulent mixing activity and in the free vortex case, swirl induces the central recirculation region. The turbulence intensity and shear stress increase by an increase in the swirl number and that reduces the corner recirclation region. Reddy et al. [22] have discussed the flow field characteristics of a gas turbine swirler in a sudden expansion square combustion chamber, using particle image velocimetry (PIV). They have observed the toroidal recirculation, corner recirculation zone and precessing vortex core. High level of velocity fluctuations were observed in several cross sectional planes indicating high level of the turbulence generated by the swirl which encourages rapid mixing. Heitor and Whitelaw [23] have studied the velocity characteristics of a gas turbine combustor in isothermal and combusting flow. The influence of combustion on the velocity characteristics is seen to increase the strength of the primary vortex, decrease the width of the recirculation zone, decrease the intensity of swirl in the downstream region, accelerate the longitudinal flow to a higher velocity and increase the radial component of velocity in the exit plane, increase the turbulent kinetic energy within the combustor and at the exit plane, and increase the precession of the axial vortex core inside the combustor but eliminate it at the exit plane. Holzapfel et al. [24] have reported that in strong swirl isothermal jets and flames, a well-stirred recirculation zone is built up close to the burner outlet.
In most of the literature sighted above, the measurement of velocity field was done using either Laser Doppler Velocimetry (LDV) [7, [19] [20] [21] [23] [24] [25] [26] or particle image velocimetry (PIV) [8, 22, 27] . These methods have problem of light scattering and wall effects in confined spaces. Secondly, one has to provide orthogonal and optically flat optical accesses for the laser beams to pass. Apart from that, seeding creates a major problem in re-circulating combustor flows due to accumulation of seeding particles/smoke in re-circulating zones creating very dense regions, thus, reducing the accuracy of the measurements. The most important drawback of laser based techniques is the poor temporal resolution of the data, preventing the use of frequency domain analysis to identify the sources of unsteadiness in the flow. Even though hotwire anemometry is an intrusive measurement technique, the measurement by the hot wire is simple and more economical and provides very good temporal resolution. Due to their superior temporal sensitivity, quite high frequency flow oscillations (up to the Kolmogorov scale [28] ) can be resolved by hot wire anemometry and hence, hot wire anemometry has been used extensively over the years to characterize highly turbulent and complex flow fields [29] [30] [31] and even the spectral studies of turbulent flows carried out using PIV and LDV were correlated against hotwire measurements [32] .
This paper reports an experimental study of the flow field inside low aspect ratio dump combustor having a recirculating flow region all along the wall from the inlet to exit section and the flow field is affected by the flow reversal from the exit section. The result of a set of experiments reported in this study at varying flow conditions under nonreacting environment using pressure and velocity measurement with pressure sensors and single probe hotwire anemometry in a dump combustor with tapered exit respectively. The velocity measured by the hot wire is the resultant velocity because the heat loss by the probe sensor is equivalent to the effective velocity of the flow passing normal to the probe sensor wire from different directions. Since the velocity measured by the probe is the effective velocity, the turbulence intensity was estimated to represent the turbulence [33] [34] [35] . Pressure measurement by the pressure sensors are used to estimate the fluctuation of the pressure at the inside surface of the combustor. The findings of this study can have applications in the design of better combustors with proper alignment of the fuel injectors with respect to the recirculating flow for better evaporation and mixing of the fuel.
Experimental setup
The schematic of the dump combustor used in this study is shown in Figure 1 . The combustor diameter is 120 mm and incoming pipe diameter is 40mm, therefore the step height is 40 mm. Combustor exit is tapered and make an angle of 351 with the exit plane. The flow field behavior of this combustor was different from that presented by Drewry [2] and Yang and Yu [15] because the separated flow reattachment length for this combustor was higher than the length of the combustor. Therefore reattachment of the flow occurs at the tapered section of the combustor. 
Flow dynamics in low aspect ratio dump combustor
The wall pressure measurements were performed by calibrated (maximum calibration error¼ 4%) piezo-resistive pressure sensors (Sensym s 19C, pressure range of 0-100 psi, max nonlinearity 70.25% and repeatability 70.03% of full scale span) having 0.1 ms response time. These sensors were located at different positions; one on the inlet pipe and five at combustor wall at equal spacing as shown in Figure 2(a) . The sensors were connected to a SC-2043-SG signal conditioner (gain error 70.15% of max. and nonlinearity 70.01% of full scale). The signal conditioner had an inbuilt low pass filter having cutoff frequency of 1600 Hz. The output from the signal conditioner were acquired to a personal computer using National Instruments s PCI 6036E 16 bit data acquisition (DAQ) card. The data (2 16 per channel) were acquired at a rate of 3200 samples per second in continuous acquisition mode using an acquisition code in Lab VIEW s 8.2.1. at varying air flow rates (measured using a calibrated rotameter having 72% accuracy and 70.25% repeatability) of 50-90 liter per minute (lpm) at a pressure of 4.14 bar (measured using a dial gage, accuracy 71% of full scale) with corresponding Reynolds flow number of 4095-7370 based on inlet pipe diameter.
The velocity measurement inside the combustor was carried out by calibrated (maximum calibration error of 0.4% and standard deviation of 1.4%) one-dimensional hot wire probes (Dantec Dynamics s , Miniature wire-55P11) for the same flow conditions mentioned above. Two hotwire probes were used for the study. One probe was located at the inlet pipe and second one was traversed to measure the velocity (U) at different axial (x/h ¼ 1.575-5.925, CH1-CH5) and radial (r/R ¼ 0.0 to 71.0, Δr/R ¼ 0.08) locations inside the combustor as shown in Figures 1 and 2(b) . These hot wire probes were connected to the Dantec Dynamic's s multichannel CTA-54N81 system. The frequency sensitivity of the hotwire probes was 20 kHz and that of the bridge was 100 kHz. The hot wire output signal was acquired to a personal computer using National Instruments s PCI 6036E 16 bit data acquisition card. The low pass filter cut off was set at 10 kHz and the data (2 17 samples) were acquired at a rate of 25 kHz in continuous acquisition mode using an acquisition code in Lab VIEW 8.2.1 s . The data were analyzed using a MATLAB s 7.0.1 code. The hotwire probe was oriented perpendicular to the combustor axis and was inserted radialy into the combustor as shown in Figure 2(c) . The velocity (U) measured by the hot wire is the resultant of u x and u r as shown in Figure 2 (c). Since this hotwire uses a single probe and works on convective heat transfer mode, the total heat loss is equivalent to the heat loss by the effective velocity [35] . As the measured velocities are resultant velocities, the turbulent stresses could not estimated by this method.
The turbulence parameters were estimated at a point using following equations [33] :
Turbulence intensity
The uncertainty analysis for the experimental measurements was carried out using the method prescribed by Moffat [36] and Taylor [37] . The errors associated with the measurements are fixed and random errors. The maximum probable value of the fixed error (e U j ) is the root square sum of the fixed error induced during instrument calibration (e cal ), data acquisition (e acq ) and data reduction process (e red ) a s i n Eq. (4):
The random error of the measurement is directly estimated by the precision index or standard deviation σ U j of an individual measurement U j from the data set as follows:
Where N is the number of the observations (i.e., 2000 for this study) of one quantity U j . The resulting uncertainty is associated with the mean value of individual precision index and calculated using Eq. (6):
The total uncertainty is estimated using the following equation:
Where, the constant s¼ 1.96 is used for 95% confidence level as suggested by Ahmed [7] .
The total uncertainty in the velocity measurement by the hot wire probe is estimated to be less than 0.43% for the present study through separate calibration in a wind tunnel [38] . Assuming the level of errors are independent of each other, the overall uncertainty in the measurements were estimated to be less than 2.3%, estimated using root sum square method [36] . The overall uncertainties in the pressure measurements were estimated to be less 1.15%. Further details of error estimation can be found in [38] .
Results and discussions
The variation of mean pressure at the combustor wall with the axial location at different flow Reynolds numbers, non-dimensionalized by the mean pressure at the inlet pipe, is shown in Figure 3 . It can be seen that for a given Reynolds number, the wall pressure increases up to x/h ¼ 4.83 and beyond that it is almost constant. The maximum pressure at x/h ¼ 4.83 can be attributed to the merger of the separated flow at the dump plane and the flow reversal from the exit section as reported by Nigam et al [34] . At the same time, the wall pressure rise with respect to the inlet pressure is seen to decrease with an increase in Reynolds number, which can be attributed to the increased flow velocity at higher Reynolds numbers. Figure 4 presents the variation in the rms value of pressure fluctuations with axial distance for different Reynolds numbers non-dimensionalized by the mean pressure at that location. Or a given Reynolds number, a steep This phenomenon can be attributed to the higher shearing activity between the two recirculating bubbles, i.e., one emerging from the dump plane due to separation and other due to the flow reversal from the exit section. It can be also seen in Figure 4 that the pressure fluctuation level decreases with an increase in Re due to an increase in mean wall pressure at higher Re. In order to justify the explanation given in the previous paragraph for the observed behavior of the pressure variation, the velocity field inside the combustor was studied and the results are reported here. The radial variation of velocity fluctuation (represented by rms velocity and nondimensionalized by the mean inlet velocity) for Re ¼ 5733 at different axial locations from the dump plane are shown in Figure 5 . It can be seen that till x/h ¼ 2.66, the velocity fluctuations are relatively low near the centerline of the combustor up to r/R ¼ 0.2 and beyond that there is an increase in the fluctuation levels, which attains an almost constant value of about 0.2 between r/R ¼ 0.3 and 0.5. Beyond r/R ¼ 0.5, there is a sharp decrease in the velocity fluctuation as one moves towards the combustor wall. However, further away from the dump plane (i.e., beyond x/h ¼ 3.75), the velocity fluctuation levels are fairly constant from the centerline up to r/R ¼ 0.5 and drop thereafter in the radial direction towards the wall.
In order to understand the nature of the data presented in Figure 5 , the turbulence intensity variation inside the combustor were estimated and a contour is presented in Figure 6 . The variation in turbulence intensity was found to be axi-symmetric, as seen in Figure 6 , due to axi-symmetric nature of the combustor geometry. The turbulent intensity up to x/h¼ 2.66 and between the centre line and r/R ¼ 0.2 was seen to be less 15%. The turbulence intensity sharply increases up to as high as 54% between r/R ¼ 0.2 and r/R ¼ 0.5 and then gradually decrease in the radial direction towards the wall. The turbulence intensity variation suggests the presence of a potential core near the centerline having lower turbulence intensity and a shear layer beyond r/R ¼ 0.2 having relatively higher turbulence intensity. One can clearly see that the contour line at r/R ¼ 0.2 (at x/h¼ 1.57), having a turbulence intensity value of 15%, does not exceed up to x/h ¼ 3.75. Therefore, it can be concluded that the potential core ends before x/h ¼ 3.75 and the shear layers from both side of the centerline merge with each other. The higher and nearly constant levels of velocity fluctuations between r/R ¼ 0.2 and 0.5, seen in Figure 5 , can be attributed to the presence of the shear layer in that zone manifested by higher turbulence intensity shown in Figure 6 . Furthermore, the maximum turbulence intensity zone (60%) is seen around x/h ¼ 4.83, which is responsible for the increase in pressure fluctuations at that location seen in Figure 4 .
The data in Figure 6 show relatively higher levels of turbulence intensity beyond r/R ¼ 0.6 as well, which does not confirm with the drop in the velocity fluctuation level between r/R ¼ 0.6 and the combustor wall seen in Figure 5 . It may be speculated that due to the flow reversal from the exit section, there may be a zone of re-circulating flow beyond r/R ¼ 0.6. In order to validate this speculation, the radial variation in normalized stream function inside the combustor was estimated using Eq. (8) as defined by Ahmed [7] and the data is presented in Figure 7 .
It is not possible to resolve the directional ambiguity using a 1D hotwire probe, and hence, the direct use to Eq. (8) will lead to ψ Z 0:0 everywhere in the flow field. However, the physics of the flow dictates that the flow has to confirm to the no-slip boundary condition at the wall. It been reported earlier that there is an expansion or acceleration of the flow as it emerges from the inlet pipe to the dump combustor resulting in the formation of a potential core where the mean axial velocity at the vicinity of the centerline is greater than the velocity at the inlet pipe, as has been explained in [34, 35] . Now, in order to conserve the overall mass flow rate, the flow has to reverse its direction somewhere inside the combustor. The boundary between the forward flow and the reverse flow will be a surface where the mean velocity is almost zero, which is represented by the streamline having a stream function value of 0.0. Therefore, the flow between the ψ ¼ 0:0 line and the wall of the combustor is the reverse flow zone and the flow physics does not permit this flow to change its direction again to forward direction. Therefore, confirming to the physics of the flow, the measured velocity beyond ψ ¼ 0:0 line is assumed to be negative in this study resulting in a negative stream function value is that domain following Eq. (8) .
One can see a zone of negative values of stream function beyond r/R ¼ 0.6, representing the recirculating flow [7] , separated by the ψ¼ 0.0 line from the shear layer. Therefore, the decrease in the velocity fluctuation in this zone, shown in Figure 5 , can be safely attributed to the recirculating flow. Furthermore, the extent of the recirculating flow zone up to the exit of the combustor confirms the hypothesis that the separated flow at the dump plane does not re-attach inside the combustor resulting in a flow reversal from the exit section, which alters the flow field behavior as reported by Nigam et al. [34] . It should be noted that the exercise of defining the stream function is to qualitatively identify the boundary between the forward and reverse flows and the quantitative magnitude of the stream function does not have any physical meaning in this study because of the fact that the velocity U is not the correct axial component but an effective velocity that is a combination of axial and radial components.
The effects of the flow Reynolds number on the U rms at x/h ¼ 3.75 are shown in Figure 8 . The data presented in Figure 8 show that the velocity fluctuation increased between Re ¼ 4095 to 5733 while it decreased at Re ¼ 7370, along the radial direction. This can happen if the strength of the recirculating flow first decreases and then increases, causing a variation in damping of the fluctuations due to high flow reversal from the taper exit of the combustor and formation of strong recirculation. In order to elucidate this point, the stream function contours for Re ¼ 7370 is plotted in Figure 9 . Comparing the contours presented in Figure 7 (Re ¼ 5733) and Figure 9 (Re ¼ 7370), one can clearly see that the extent of the recirculating flow increases with an increase in Re and the recirculating flow region extends upto r/R ¼ 0.6 for Re ¼ 7370. A small recirculation region is also seen between axial location x/h ¼ 1.57 to 2.66. This region at the dump plane can be attributed to sudden expansion and corresponding flow separation. Such recirculation regions are also reported by Menon and Jou [17] . The recirculation region is seen to be shifted toward the inlet of the combustor at Re ¼ 7370, which can be due to an increase in the strength of the flow reversal.
In order to strengthen the arguments put forward in the previous paragraphs, the recalculating flow strength was defined as the ratio of the minimum stream function (ψ min ) value in the recirculation zone to the maximum stream function (ψ max ) [8] and its variation with Reynolds number is shown in Figure 10 . It should be noted that the assumption of negative velocity between ψ ¼ 0:0 line and the wall allows the use to method prescribed by Hammad et al to estimate the strength of the recirculating flow [8] . The data in Figure 10 shows a marginal drop in the strength of the recirculating flow between Re¼ 4095 and 5733 (similar to the behavior reported by Hammad et al. [8] ) followed by an increase thereafter. Beyond Re¼ 5733, the strength of the recirculating flow increased due to the stronger flow reversal from the exit section of the combustor. The increase in the strength of the recirculating flow leads to the damping of flow perturbations due to higher dissipation causing a drop in velocity ( Figure 8 ) and pressure ( Figure 4 ) giving credence to the hypothesis put forward in the previous paragraphs.
The reduction in the velocity fluctuations at higher flow Reynolds number suggests improved mixing between the separated and flow and the core flow. Therefore, it can be safely assumed that the mixing characteristics in the combustor discussed in this paper are going to be quite conducive for good quality combustion.
Conclusion
The flow field inside a low aspect ratio dump combustor was analyzed by studying the wall pressure variations and velocity field measurements. The mean pressure and pressure fluctuations were seen to be higher at x/h ¼ 4.83 owing to the flow reversal from the exit section that alters the flow field. A small variation in Urms velocity was observed in axial direction while in the radial direction it was quite high. Two recirculation zones are recognized and the strength of the recirculation was seen to increase with flow Reynolds number. The turbulence intensity in the recirculation and shear layer zone was seen to be higher than the potential core. The shear layer on both sides of the potential core are seen to merge, eliminating the potential core before it reaches x/h ¼ 3.75.
